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A major objective of the Advanced Combustion Engineering Research Center is the development
and verification of data on fuel characterization and reaction mechanisms and rates that can be
incorporated into submodels for use in the comprehensive combustion codes. As technology has
advanced, the levels of analytical sophistication has also advanced, making it possible to augment
the existing body of information with new data. From this new data it is possible to draw new insights
regarding the complex nature of coal and the various processes associated with combustion. The
ACERC program has made it possible to bring different disciplines together to work on an integrated
research program that is targeted at a few key strategic issues. The overall program has been divided
into six areas of research, designated as Thrust Areas. The principal areas of focus in Thrust Area
1have been in delineation of coal structure and those key factors that are important in developing
fundamental knowledge of devolatilization and char oxidation processes. This article discusses the
objectives, accomplishments, and plans of ACERC-sponsored research in these areas.

Introduction
Coal pyrolysis or devolatilization and char oxidation
play key roles in nearly all coal conversion processes of
current or potential commercial interest (combustion,
gasification, carbonization, etc.). In spite of many years
of active research in these fields and the existence of several
working models, a clear consensus is only now beginning
to emerge on the nature of coal pyrolysis and char
oxidation. Moreover, experimental data needed to model
these processes, particularly as they occur in the combustion of U.S.coals, have been either fragmented or
generally lacking. Gas formation during pyrolysis can
often be related to the thermal decomposition of bridge
material and specific functional groups in the coal and
can be predicted with reasonable accuracy by models
employing first-order reactions with ultimate yields. On
the other hand, tar and char formation is more complicated,
and progress in mechanistic modeling of tar and char
formation has been less successful. In combustion or
gasification, tar is often the volatile product of highest
initial yield and thus controls ignition and flame stability.
It is also a precursor to soot, which is important to radiative
heat transfer. Char surface properties and structure affect
ignition, particle temperature, and carbon conversion, and
hence boiler size.
While an understanding of the chemical reactions
occurring in coal devolatilization and char oxidation is
vital, the coupling of these reactions with heat and mass
transport processes is critical for construction of a representative combustion model. In the review of Solomon
et al.,l it is pointed out that “Pyrolysis is important because
*Abstract published in Aduance ACS Abstracts, October 15, 1993.
(1)Solomon,P. R.;Fletcher, T. H.; Pugmire, R. J. Prog. CoalPyrolysis,
in press.

of its influence on the subsequent conversion process...
the volatiles often control the ignition, the temperature
and the stability of the flame. In addition, the pyrolysis
process controls swelling, particle agglomeration, char
reactivity, and char physical structure. Soot formation
(which can dominate radiative energy transport) is controlled by the tar produced in pyrolysis. In gasification,
the temperatures and product distributions are strongly
influenced by pyrolysis. The pyrolysis process alsocontrols
the initial fragmentation of the macromolecule in liquefaction. Accurate quantitative descriptions of coal pyrolysis in combustion are also important for the development of new pollution control strategies.”

Objectives and Approach
In order to be of value to industry, research in Thrust
Area 1has been tailored to understand and integrate the
key factors relating to devolatilization and char oxidation.
The overall objective of the research in Thrust Area 1
continues to be the development of submodels for fossil
fuel devolatilization and char oxidation which (1)relate
to coal structure, (2) are coal general for a variety of
(ACERC) coals, (3) are computationally efficient, and (4)
can be integrated into the 2-D and 3-D codes. Development of operational coal devolatilization and char oxdiation submodels is pursued through an integrated approach of model development and experimental work to
support the comprehensive code development. The experimental work is of three types: (1) development of
fundamental knowledge of coal and char structure and
properties; (2) measurement of rates at relevant conditions;
and (3) applied experiments that provide sufficient data
for verification of the models and identification of mechanistic relationships for incorporation into the models.

0 1993 American Chemical Society
0887-0624/93/250%0~00$O~~OQ/O
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Table I. Research Projects in Thrust Area 1

no.
1A
1B

1c
1N
1D

1F
1K

1L

project title
principal investigator(8)
Coal Structure and Devolatilization Processes
NMR analysis of coal and char structure
R. J. Pugmire/D. M. Grant
mechanisms and kinetics of rapid devolatilization
H. L. C. Meuzelaar
chemical characterization of coal and combustion producb
M. L. Lee
soot in coal combustion
T. H. Fletcher/B. Webb
Char Production and Char Oxidation Processes
char oxidation
W. Hecker
production of char/tar/gaa sample
T. H. Fletcher/G. Germane
high-pressure oxidation rates
G. Germane/L. D. Smoot
Devolatilization Submodel for Combustion Code
devolatilization submodel development
D. M. Grant/T. H. Fletcher/R. J. Pugmire

univ

u of Utah
u of Utah
BYU
BYU

BYU
BYU
BYU
U of Utah

The active research projects in Thrust Area 1are given in
Table I. Major emphasis has been placed on a deeper
understanding of the chemical structural features of coals
(Projects 1A and 1C) and understanding of the volatiles
released during devolatilization (Projects 1A, lB, 1F and
1N). Specific areas of emphasis include: transformations
that occur as coal is converted to metaplast and then to
char (Projects lA, lB, lD, and 1F); the mechanisms of
char oxdiation (Projects 1D and 1K); reaction rates of
devolatilization (Projects 1B and 1F) and soot formation
(Project 1N); a devolatilization model (Project 1L) that is
based on the structural diversity of coals and their chemical
properties.

require a very slow spinning speed at the magic angle
permitting one to carry out a series of two-dimensional
experiments which display the 13C chemical shift anisotropy (CSA) in one dimension with the isotropic chemical
shift shown in the other. The measurement of these
parameters in complex model compounds and coal samples
holds high promise for providing very useful new data on
overlapping bridgehead and substituted carbons that can
be used to improve the cluster size model for coals2 that
was developed through our ACERC program.
Mechanisms and Kinetics of Coal Devolatilization.
The focus of Project 1B is the use of modern mass
spectrometric techniques to study devolatilization rate
processes over a wide range of heating rates (106/s). Recent
Accomplishments
experimental and theoretical work has centered around
verifying and elucidating the marked discrepancy disNMR Analysis of Coal and Char Structure. A
covered between experimentally observed tar formation
complete NMR structural analysis has been carried out
rates at laser heating rates L106K/s-' and the higher rates
on all of the Argonne coals2 and these data have served
predicted by most kinetic models when using kinetic
as the basis for the study of coal devolatilization
parameters measured at slow TG/MS heating rates. As
mechanisms,3-6 char structure evolution,7-9 and the strucdiscussed by Maswadeh et al.,14the current interpretation
ture of pyridine extracts and residues from all of the eight
of the observed lag in tar yields at high heating rates is
Argonne (ACERC) coals.1° Recently, a study has been
that tar evolution rates are mass transport-limited with
completed on 18 white oak chars, nine prepared with
possible contributions from heat-transport limitations as
phosphoric acid and nine without, from 150 to 650 "C,
well, especially in the evolution of reactive species such as
leading to the production of activated carbon.ll With
dihydroxybenzenes. The effect of transport limitations
support from DOE, a series of new 2D NMR methods
on coal devolatilization processes at typical pulverized coal
called magic angle turning (MAT) experiments have been
combustion (PCC) heating rates and particle size has long
refined and demonstrated to be applicable to complex
been anticipated from available literature data.
hydrocarbons and coals.12J3 These new experiments
Recently work was started on a comprehensive series of
experiments at different particle (or TG bed) sizes,heating
(2) Solum, M. S.; Pugmire, R. J.; Grant, D. M. Energy Fuels 1989,3,
187.
rates and pressures while using the highly polar and
(3)Grant, D. M.; Pugmire, R. J.; Fletcher,T. H.; Kerstein, A. R. Energy
reactive
dihydroxybenzenes as sensitive markers for mass
Fuels 1989,3,175.
and heat transport limitations in low to medium rank coals.
(4) Pugmire, R. J.; Fletcher, T. H.; Grant, D.M.; Keratein, A. R. 1989
Znt. Con/.Coal Sci. (Roc.),Oct. 23-27,1989, Tokyo, Jpn. 1989, I , 481.
Even the smallest coal particles (-60 pm diameter) which
(5) Fletcher,T. H.; Kerstein, A. R.;Pugmire, R. J.;Grant, D. M. Energy
can conveniently be analyzed by laser Py-GC/MS do not
Fueb 1990,3,54.
show any dihydroxybenzene signals. Presently, laser
(6) Fletcher, T. H.; Kerstein, A. R.; Pugmire, R. J.; Grant, D. M. Energy
Fuels 1992,6, 414.
heating rates are being reduced by a factor of 10 in order
(7) Fletcher,T. H.; Solumn,M. S.; Grant, D. M.; Critchfield,S.; Pugmire,
to promote the reestablishment of chemically-controlled
R. J. 23rd Symposium (International) on Combustion (Proceedings);
The Combustion Institute: Pittsburgh, 1990; p 1231.
conditions (as would be indicated by the reappearance of
(8) Pugmue,R.J.;Solum,M.S.;Grant,D.M.;Critchfield,S.;Fletcher, the dihydroxybenzene markers). In parallel with these
T. H. Fuel 1991, 70, 414.
coal analyses, experiments are also continuing with
(9) Orendt, A. M.; Solum, M. S.; Sethi, N. K.; Pugmire, R. J.; Grant,
D. M. Advances in Coal Spectroscopy;
_ _Meuzelarr, H. L. C.,. Ed.;. Plenum
Spherocarb model particles spiked with dihydroxybenPress: New York, 1992; p 215.
zenes and other characteristic tar products. The details
(10) Fletcher, T. H.; Bai,S.; Pugmire, R. J.; Folum, M. S.; Wood,S.;
of this program are described in the paper by Meuzelaar
Grant, D. M. Chemical Structural Features of Pyridine Extracts and
Residues of the Argonne Premium Coals Using Solid-state C-13 NMR
submitted for this volume.
Spectroscopy, submitted to Energy Fuels.
(11)Pugmire, R. J.; Solum, M. S.; Bai,S.; Fletcher, T. H.; Woods,S.;
Grant, D. M. The Use of Solid State C-13 NMR Spectroscopy to Study
Pyridine and Extraction Residues in the Argonne Premium Coals.
Presented at the 205th ACS National Meeting, March 28-April 2,1993,
Denver, CO.
(12) Hu, J. 2.;Alderman, D. W.; Ye, C.; Pugmire, R. J.; Grant, D. M.
An IsotropicChemicalShift-Chemical
ShiftAnisotropyMagicAngle SlowSpinning 2-D NMR Experiment. Submitted to J. Magn. Reson.

~~

~

(13) Hu, J. 2.;Alderman, D. W.; Ye, C.; Pugmire, R. J.; Grant, D. M.
Improvements to the Magic Angle Hopping Experiment. Submitted to
Solid State Nucl. Magn. Reson.
(14) Maswadeh, W.;Arnold, N.; McClennen, W.; Tripathi, A.; DuBow,
J.; Meuzelaar, H. L. C. Development of a Laser Devolatilization Gas
Chromatography/MaasSpectrometry Technique for SingleCoal Particles.
Energy Fuels, this issue.
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Chemical Characterization of Coals and Their
Combustion Products. The principal objective of this
project (1C) is to determine the macromolecular structures
of the ACERC coals and molecular compositionsof selected
tartchar pairs. A major area of recent accomplishment
was in the analysis of the polar fraction. The macromolecular polar fraction represents as much as 50430% of
the Blind Canyon coal. To complete the coal structure
analyses, the characterization of the polar fraction is
extremely important. Capillary GC (gas chromatography)
of the Blind Canyon polar fraction indicates that it is
primarily composed of one and two ring phenolic compounds. The total ion chromatograms of the polar fraction
also show a preponderance of low molecular mass compounds. The initial characterization of the polar fraction
indicates that several phenolic groups are present. The
data indicate that a homologous alkyl-substituted phenol
series is present. Alkyl chain lengths as large as 10 have
been detected, but it is likely that longer chain lengths are
alsopresent. c1-C~phenols have been previously reported,
mostly when looking at coal extracts. There are obviously
several isomers of the two-ring phenols, and these need to
be further studied, hopefully with the use of standards.
Other homologous series are possible for methyl-substituted phenols, cyclohexanols, indanols, and possibly twoand three-ring phenols. 13C NMR studies of the base
catalyzed depolymerized (BCD) coal residue indicate that
the extracts consist of representative compounds of the
~ 0 a l . If
l ~certain groups of compounds were excluded from
the BCD extract, the NMR data should reflect this. The
coal, BCD extract, and residue all exhibit similar carbon
distribution^.'^
Char Oxidation. Project 1D is focused on the study
of char oxidation. In the past year, 13 chars have been
made at various residence times in the flat frame burner
(FFB) from Beulah Zap lignite and Dietz subbituminous
coal, and over 60 high-temperature drop tube reactor
(DTR) oxidation runs have been completed on these chars.
Partially burned char samples collected from each run
underwent many subsequent analyses, including determination of low-temperature reactivity and kinetic parameters in the thermal gravimetric analysis (TGA).
Particle densities (apparent, true and ash-free) increased,
and particle surface areas (N2 and C02) decrease as Zap
char burnout increased. Low-temperature reactivity of
both Zap and Dietz chars, burned out to various extents
in high temperature DTR, decreased with increasing char
burnout. Mineral matter catalysis is significant at low
temperatures (1750K) as indicated by higher rates and
lower activation energies for untreated Zap chars relative
to acid-washed samples. The decreasing reactivity of one
series of Dietz samples correlates very well with decreasing
CaO surface area. Average global rates determined from
the high-temperature DTR runs suggest that both the
untreated and the HC1-washedchars reacted near the filmdiffusion limit, but may still show a slight mineral catalysis
effect on apparent activation energy.
This work is described in the paper by Hecker submitted
for this volume.
Productionof ChartTartGasSamples. The research
program in Project 1Fis focused on the production of sets
of charttartgas samples that are produced under a given

Pugmire and Fletcher
set of experimental conditions. These samples will then
be stabilized and distributed to other investigtarsin Thrust
Area 1for detailed analysis. In collaboration with Project
lB, under the direction of Professor Henk Meuzelaar, the
mobile mass spectrometer from the Center for Microanalysis at the Univeristy of Utah (U of U) was attached to the
high-pressure controlled profile (HPCP) reactor for prelinimary experiemnts. These preliminary experiments
revealed (1)the need for additional development of the
sampling system associated with the mass spectrometer
and (2) the need for improvement in the sampling system
of the HPCP.
In collaboration with Project 2H, an experimental test
program was outlined to compare physical properties of
chars collected in the HPCP and FFB. Differences in
swelling properties of softening coals is dependent on the
type of reactor used to generate the samples, but the exact
reason for these differences has not been demonstrated
experimentally. These experiments will sample coal chars
in nitrogen (to simulate the postflame FFB experiment).
The steam generator and helium systems are currently
being fabricated.
Fundamental High-pressure Reaction Rate Data.
The goal of Project 1K is the study of the reaction rates
of chars at various pressures. Within the past year,
approximately 100oxidation experiments were performed
with two sizes (70 and 40 pm) of Utah and Pittsburgh
bituminous coal chars at 1,5,10, and 15atm total pressure.
Reactor temperatures were varied between 1000 and 1500
K and bulk gas compositions ranged from 5 to 21’36,
resulting in average particle temperatures ranging from
1400 to 2100 K and burnouts from 15 to 96%. The chars
burned in a decreasing density and diameter mode in a
regime intermediate to the kinetic and pore diffusion zones,
irrespective of total pressure. Significant COZformation
occurred at the particle surface at particle temperatures
below about 1800K over the entire pressure range. Particle
temperatures were strongly dependent on the oxygen and
total pressures; increasing oxygen pressure at constant
total pressure resulted in substantial increases in particle
temperature, while increasingthe total pressure at constant
oxygen pressure led to substantial decreases in particle
temperature. Increasing total pressure from 1to 5 atm in
an environment of constant gas composition led to modest
increases in the reaction rate. The rate decreased with
further increases in pressure. The apparent reaction rate
coefficients (based on the nth-order rate equation) is not
valid at elevated pressures.
Devolatilization Submodel Development. The goal
of Project 1L is the development of an advanced devolatilization submodel that is computationally efficient, is
coal general for a variety of coals, is related to key features
in coal structure, and can be integrated into the PCGC-2
and PCGC-3 codes. The chemical percolation devolatilization (CPD13-6model has recently been integrated into
the PCGC-2 code in order to take advantage of the coaldependent input parameters that come directly from 13C
NMR spectroscopy when devolatilization rates are calculated.2+Q6J7 Because the CPD model describes the slow
(16)Fletcher,T.H.;Solum,M.S.;Grant,D.M.;Pugmire,R.
J.Energy
Fuek 1992,6,643.

(17) Orendt,A.M.;Solum,M.S.;Sethi,N.K.;Hughes,C.D.;Pugmire,

R. J.;Grant,D.M.Mag?wticResoMnce of CarbonuceolrsSolidP, Advances
(15)Carlson,R.E.;Critchfield,S.;Vorkink,W.P.;Dong,J.Z.;Pugmire,in Chemistry; Botto, R. E., Sanada, Y., Eds.; Advances in Chemistry
Serieab229;AmericanChemicalSociety: Washington,DC, 1993;Chapter
R. J.; Bartle, K. D.;Lee, M. L.; Zhong,Y.;Shabtai, J. S . Fuel 1992, 71,
22; p 419.
19.
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gas release that occurs after the initial rapid tar release,
integration into PCGC-2 allows the overlapping region
between char oxidation and devolatiliiation to be modeled.
This integration involved adapting the numercial integration of the CPD equations to a format compatible with
the numerical algorithms used in PCGC-2. The addition
of the CPD model to PCGC-2 requires no significant
additional CPU time. Comparisons of the PCGC-2 code
with and without the CPD model have been performed,
and in some cases the CPD model causes major changes
in the combustion predictions. The implications of these
changes are currently under investigation.
Soot in Coal Combustion. The objective of Project
1N is to study and understand soot formation, combustion,
and heat-transfer properties in coal flames. This project
is closely related to Projects 1F and 4G. The FFB facility
has been constructed and successfully tested. A 2 in. X
2 in. square “Hencken” burner, similar to that used at
Sandia National Laboratories, is used. A coal feeder was
built following a design at Sandia National Laboratories
for use with this facility. The burner is fitted with a 12
in. high quartz tower and has been demonstrated to give
a fairly uniform coal feed rate. The particles are entrained
in a very tight stream (-1 pm in diameter), indicating
laminar flow. A soot cloud is seen diffusing from the
reactor centerline, with a diameter of - 5 cm. Laser
diagnostic experiments are currently under way to measure
in situ soot volume fraction and optical properties.

Plans
Several of the experimental programs in Thrust Area
1have reached a mature state in their contributions to the
ACERC goals and objectives while other projects are still
evolving. In the case of the devolatilization submodel,
development will be completed in about one more year.
A number of important issues have not yet been resolved.
Future plans include the following:
1. Continued production and study of matched tar/
char/gas samples from the ACERC coals.
2. Collection and refinement of reliable kinetic parameters, for devolatilization and char oxidation processes
in ACERC coals.
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3. Continued assessment of the role of mineral matter
on the behavior of the organic components in coal during
initial pyrolysis and subsequent char oxidation stages.
4. Investigating secondary pyrolysisreactions, including
soot formation which may influence near-burner heat
transfer.
5. Development of a char oxidation model.
6. Initiating integration of the ACERC devolatilization
submodel into the PCGC-3 code and char oxidation
submodel into the PCGC-2 and PCGC-3 codes.
7. Investigating sophisticated new techniques for increasing structural details of coals.
8. Initiating studies that will provide insight into the
chemical forms and mechanisms of release of nitrogen and
sulfur at different stages of the combustion process.
9. Initiating new work on exploring new processes and
mechanisms for producing chemicals and other useful
products from coal.

Conclusion
The success of ACERC will, in part, be measured by its
capacity to meet the needs of the combustion industry by
means of a robust, reliable, efficient 3-D combustion code.
The success of this code depends on reliable, efficient
submodels that adequately describe devolatilization and
char oxidation behavior for a wide range of coal types.
The development of adequate submodels requires a
detailed understanding of coal structure,lattice statistics,
coal/char/tar/gas structural relationships, and the dynamic
nature of the lattice/volatile production and soot formation. The effects of mineral matter must also be evaluated
and factored into the evolution of the organic substituents
if the behavior of the latter are to be adequately understood. The projects in TA1 have been carefully selected
in order to focus the efforts of mature as well as developing
research programs on the key issues and objectives that
have been previously stated. Results from this thrust area
are critical for the development and evaluation of submodels which adequately describe the role played by the
fuel in the 3-D comprehensive furnace model.

